Temporal lobe epilepsy is associated with large-scale, wide-ranging changes in gene expression in the hippocampus. Epigenetic changes to DNA are attractive mechanisms to explain the sustained hyperexcitability of chronic epilepsy. Here, through methylation analysis of all annotated C-phosphate-G islands and promoter regions in the human genome, we report a pilot study of the methylation profiles of temporal lobe epilepsy with or without hippocampal sclerosis. Furthermore, by comparative analysis of expression and promoter methylation, we identify methylation sensitive non-coding RNA in human temporal lobe epilepsy. A total of 146 protein-coding genes exhibited altered DNA methylation in temporal lobe epilepsy hippocampus (n = 9) when compared to control (n = 5), with 81.5% of the promoters of these genes displaying hypermethylation. Unique methylation profiles were evident in temporal lobe epilepsy with or without hippocampal sclerosis, in addition to a common methylation profile regardless of pathology grade. Gene ontology terms associated with development, neuron remodelling and neuron maturation were over-represented in the methylation profile of Watson Grade 1 samples (mild hippocampal sclerosis). In addition to genes associated with neuronal, neurotransmitter/synaptic transmission and cell death functions, differential hypermethylation of genes associated with transcriptional regulation was evident in temporal lobe epilepsy, but overall few genes previously associated with epilepsy were among the differentially methylated. Finally, a panel of 13, methylation-sensitive microRNA were identified in temporal lobe epilepsy including MIR27A, miR-193a-5p (MIR193A) and miR-876-3p (MIR876), and the differential methylation of long non-coding RNA documented for the first time. The present study therefore reports select, genome-wide DNA methylation changes in human temporal lobe epilepsy that may contribute to the molecular architecture of the epileptic brain.
Introduction
Temporal lobe epilepsy is the most common epilepsy syndrome in adults and is particularly associated with pharmacoresistance, often necessitating surgical resection of the epileptic focus (Blumcke et al., 2013) . Hippocampi from such patients often display hippocampal sclerosis, a hallmark pathological lesion comprising segmental neuron loss in the cornu ammonis (CA) 1, CA3 and hilus, gliosis, as well as other changes (Wieser, 2004) . Nevertheless, a significant number of patients with pharmacoresistant temporal lobe epilepsy display limited or no signs of pathologic change in resected hippocampal tissue (Blumcke et al., 2013) . Identifying shared and unique molecular pathways across a spectrum of hippocampal pathologies may yield novel insight into the pathomechanisms of epilepsy and endogenous programmes of neuroprotection (JimenezMateos and Henshall, 2009; Pitkanen and Lukasiuk, 2011) .
Genome-wide expression profiling has revealed that levels of hundreds of protein-coding transcripts are altered in experimental and human epilepsy, including genes coding for ion channels and genes involved in synaptic remodeling, inflammation, gliosis and neuronal death (Pitkanen and Lukasiuk, 2011) . More recently, it emerged that expression of non-coding RNA is also altered in human epilepsy (Qureshi and Mehler, 2012; Henshall, 2014) . Amongst non-coding transcripts, research into the contribution of microRNA, small ($22 nucleotide) endogenous noncoding RNA that regulate gene expression at a posttranscriptional level, has progressed the furthest. Dysregulation of microRNA may promote epileptogenesis and modulating individual microRNAs can directly influence brain excitability and the pathophysiological features of temporal lobe epilepsy (Tao et al., 2011; JimenezMateos et al., 2012; Tan et al., 2013) . Thus, to gain new insight into the pathomechanisms of epilepsy requires appraisal of the aberrant expression of both coding and non-coding RNA.
Epigenetic mechanisms have emerged as important determinants of how genes are regulated in health and disease, including in epilepsy (Kobow and Blumcke, 2011; Lubin, 2012; Roopra et al., 2012; Boison et al., 2013) . DNA methylation is the covalent attachment of methyl groups to the cytosine base present in CG dinucleotide-containing regulatory sequences (Jaenisch and Bird, 2003; Robertson, 2005) . It can result directly in the inhibition of gene transcription and indirectly in transcriptional silencing that is mediated by methyl-CpG-binding domain proteins (Qureshi and Mehler, 2010) . Differential methylation of gene promoter regions is responsible, in part, for the modulation of gene expression profiles that promote cell identity and function throughout life (Jaenisch and Bird, 2003) . Although DNA methylation was originally thought to be a static process after cellular differentiation, it is now known to be highly dynamic in the hippocampus, including after neuronal stimulation, and important for certain plasticity and injury responses (Endres et al., 2000; Miller and Sweatt, 2007; Ma et al., 2009; Feng et al., 2010; Guo et al., 2011a, b; Kaas et al., 2013) . Altered DNA methylation of RELN was reported in human temporal lobe epilepsy, which may contribute to granule cell dispersion (Kobow et al., 2009) . Methylation changes for brainderived neurotrophic factor and the glutamate receptor subunit encoded by Grin2c have also been identified in experimental epilepsy (Ryley Parrish et al., 2013) . Hippocampal protein levels of DNA methyltransferases 1 and 3a are increased in human temporal lobe epilepsy (Zhu et al., 2012) and DNA methyltransferase activity is elevated in experimental epilepsy (Williams-Karnesky et al., 2013) . Genome-wide DNA methylation analysis has shown that hypomethylation of gene promoters occurs in the acute wake of prolonged seizures (status epilepticus) (MillerDelaney et al., 2012) while during epileptogenesis hypermethylation of genes becomes prominent (Kobow et al., 2013; Williams-Karnesky et al., 2013) . DNA methylation changes in the pilocarpine model of epilepsy seem to primarily affect C-phosphate-G (CpG) islands associated with gene bodies (Kobow et al., 2013) . The mechanism of the transition from hypo-to hypermethylation is unknown but may be linked to initial strong activation of demethylating enzymes (Henshall et al., 1999; Ma et al., 2009) followed by loss of adenosinergic tone via astrogliosis-driven interference in the transmethylation pathway (WilliamsKarnesky et al., 2013) . Whether DNA methylation changes persist and are important in chronic human pharmacoresistant epilepsy has not been explored.
Here we analyse genome-wide methylation changes in hippocampal samples from living patients with refractory temporal lobe epilepsy who have been scored for hippocampal sclerosis according to the Watson Grading (WG) system (Watson et al., 1996) . In addition to the analysis of protein coding promoter methylation, the role of methylation in the transcriptional regulation of non-coding RNAs is investigated, with particular emphasis on microRNA.
Materials and methods

Human tissue samples
Resected hippocampal tissue from patients with refractory temporal lobe epilepsy was provided by Ryder Gwinn (Swedish Medical Centre, Seattle, USA). Informed consent was obtained for all patients. Hippocampal tissue was scored according to the Watson hippocampal sclerosis grading (WG) system (Watson et al., 1996) . Control tissue was obtained from the University of Maryland Brain and Tissue Bank (USA). Demography of samples was as follows: WG1: male (n = 3), female (n = 2), caucasian (n = 3), hispanic (n = 1), race not on file (n = 1); WG4: male (n = 4), caucasian (n = 2), Asian (n = 1), race not on file (n = 1); and control subjects: male (n = 2), female (n = 3), race not on file (n = 5).
Microdissection of hippocampal samples
Fresh frozen human hippocampal samples were sectioned on a cryostat. Cresyl violet staining was carried out on all brain tissue samples and used as a guide for microdissection of the hippocampal region from the surrounding tissue. DNA and RNA were extracted from the hippocampal region of 12 unstained 60-mm sections per patient sample, using the Norgen All-in-One Purification Kit. Independent isolation of small RNAs was not carried out, with total RNA being used for all subsequent steps. Nucleic acid concentration was analysed on a Nanodrop Spectrophotometer and RNA integrity using an Agilent 2100 Bioanalyser.
Methylated DNA immunoprecipitation
The protocol used for methylation analysis was as described previously (Buckley et al., 2010; Das et al., 2010; MillerDelaney et al., 2012 MillerDelaney et al., , 2013 . Briefly, 2 mg of sonicated DNA was incubated overnight with 10 mg of anti-5'-methylcytidine antibody (BIMECY-1000; Eurogentec) and immunoprecipitated using Dynabeads Õ (112-02D; Bio Sciences) and a magnetic particle concentrator (DynaMag TM , catalogue #123.21D; BioSciences). Methylated DNA immunoprecipitation and reference control DNA were differentially labelled and hybridized (according to NimbleGen DNA methylation analysis protocol version 6.0) to CpG Island promoter plus arrays from Roche NimbleGen (#5924529001; Human DNA Methylation 3x720K CpG Island Plus RefSeq Promoter Arrays) covering 30 841 loci representing all annotated CpG islands and promoter regions in the human genome. For microRNA analysis, custom designed Nimblegen arrays were manufactured with tiled regions 50 kb upstream and 20 kb downstream of all 754 microRNAs included on TaqMan Õ Array Human microRNA A + B Cards (V3; #4444913). Individual patient samples were hybridized to single arrays. Scanning was performed on an Axon 4000B scanner, and data were processed using GenePix Pro 6.0. Image analysis and peak detection were performed using the methylation application in Nimblescan version 2.4. Methylated peaks were identified using the following parameters: sliding window of 750 bp, P-value minimum cut-off ( À log10) of 2.0, and a minimum of two probes per peak. Resulting data files were visualized using SignalMap 1.9. Methylation data have been deposited at www.ebi.ac.uk/ arrayexpress (E-MTAB-3054 and E-MTAB-3055). The following percentage cut-offs were used to determine differential methylation profiles of sample groups. Hypermethylated: control 80-100%, WG1 80-100%, WG4 75-100% of samples methylated. Hypomethylated: control 0-20%, WG1 0-20%, WG4 0-25% of samples demethylated. A list of the gene promoter specific methylation peaks detectable across all samples is provided for all studied genes including those where no difference across all three sample cohorts was found (Supplementary material).
MicroRNA expression analysis
Briefly, 20 ng RNA was reverse transcribed using Megaplex RT Primers (Life Technologies; #4444745) and was followed by pre-amplification using Megaplex TM Primer Pools (Life Technologies, #4444750) according to manufacturer's protocols. MicroRNA expression was analysed using TaqMan Õ Array Human microRNA A + B Cards (V3; #4444913) on the 7900 HT Fast Realtime System (Applied Biosystems). Significance was based on the following criteria: a minimum fold-change greater than AE 2 and a P-value 4 0.05. Numbers of hippocampal samples profiled per group were as follows: Control, n = 4; WG1, n = 4; WG4, n = 3. For analysis of individual microRNAs of interest, reverse transcription was carried out using microRNA-specific primers (Life technologies) and PCR analysis performed using cDNA in triplicate on the 7900 HT Fast Real-Time System for the following microRNAs: Hsa-miR-129-3p, Hsa-miR-876-3p, Hsa-miR-27a, Hsa-miR193a-5p normalized to RNU6B (now known as RNU6-6P). Minus reverse transcription and non-template controls were used throughout to rule out genomic DNA and cross-well contamination, respectively. A relative fold-change in expression was performed using the comparative cycle threshold method (2 À ÁÁCT ). Cortex samples were those used in a previously published study .
Gene expression analysis
RNA extracted from post-mortem control subjects was of poor integrity (data not shown). Four temporal lobe epilepsy samples passed RNA integrity analysis (two WG1 and two WG4) with RIN values of 8.5, 8.6, 9 and 8.8, respectively, while the remaining samples were of moderate integrity (RIN values of 4.1 to 6.9; Table 2 ). Double-stranded cDNA was synthesized from DNase-treated total RNA using the Ovation Pico WTA System V2 (catalogue #3302-12; Nugen) which is optimized for RNA of moderate integrity. PCR analysis of gene and long non-coding RNA was performed using cDNA in triplicate on the 7900 HT Fast Real-Time System (Applied Biosystems) for the following genes: ADARB2-AS1, FARP2, FZD2, KCNK13, LINC324, PHAX, SOX1, TGM2, UCA1, and normalized to 18S RNA.
Bioinformatics
Compilation, preprocessing and analysis of genomic methylation data were performed as described previously (MillerDelaney et al., 2012) using in-house developed Java (version 1.6) software. Methylated DNA immunoprecipitation probe significances in terms of P-values were generated using the Kolmogorov-Smirnov test as implemented by NimbleScan SignalMap software version 1.9. These values were then transformed ( À log10) to give peak scores. A peak was called when two or more consecutive probes achieved a score of at least 2. For gene centric studies, methylation profiles were then generated from the peak score profiles by assessing the presence or absence of a peak over all promoter regions ( À 2000 and + 500 bp around the transcriptional start site) and CpG islands. Cluster analysis was then performed using Spearman's correlation as a similarity metric and using complete linkage as cluster distance method. Heat-map visualization was performed using the heatmap.2 package. Analysis was implemented in the R statistical computing language. For microRNA, correlation of methylation status and expression in temporal lobe epilepsy was carried out as previously described .
Gene ontology and functional analyses were assigned by manual interrogation of Entrez Gene (http://www.ncbi.nlm. nih.gov/sites/entrez?db_gene) and using GOstat web-based analysis (http://gostat.wehi.edu.au/). Analyses of over/underrepresented gene ontology terms included correction for multiple comparisons (Benjamini) and significance was determined at P 5 0.05. Ideogram generation was performed using Idiographica web-based software (Kin and Ono, 2007) . Positional gene enrichment analysis was performed using web-based software (De Preter et al., 2008) .
Bisulphite sequencing
A total of 500 ng of DNA from individual patient samples was bisulphate-converted using the EZ DNA Methylation-Gold kit TM (catalogue #D5005 and #D5006; Zymo), and PCR was performed on 10 ng of the bisulphite-treated DNA as outlined previously Miller-Delaney et al., 2012) . PCR primers were designed using methyl primer express (www.appliedbiosystems.com/methylprimerexpress) and were as follows: ADARB2-AS1 forward primer 5 0 -TATGGGTGT GTGTGCGTGTGT-3 0 , reverse primer 5 0 -CACCTACCCCAC CTACCCCA-3 0 ; UCA1 forward primer 5 0 -GTTTAGGTGGT CTTTTATA-3 0 , reverse primer 5 0 -TAATCTAAAAACCCAA AATCG-3 0 . PCR products were purified using the QIAquick Õ PCR purification kit (catalogue #28104; Qiagen) as per the instructions of the manufacturer and sequenced in the forward direction at Eurofins MWG Operon.
Data analysis
Data are presented as mean AE standard error of the mean (SEM). Gene expression analysis comparisons were made using ANOVA, followed by Newman-Keuls post hoc testing or by Student's t-test, with significance accepted at P 5 0.05.
Results
Clinical and pathology data
Human autopsy control and temporal lobe epilepsy patient clinical data are reported in Tables 1 and 2 . Although studies have suggested a lack of gender effects on Watson grade of hippocampal sclerosis or CA1-4 neuronal dropout (Doherty et al., 2007) , samples were matched for age and sex as far as possible with the available samples. The average patient age ranged from 16 to 59 years, with average ages of 38.2, 46.5 and 34.4 years per sample group (WG1, WG4 and controls, respectively). Statistical analysis confirmed no significant difference between groups (ANOVA, Newman-Keuls post hoc analysis; P = 0.37).
Nissl-stained sections from autopsy controls displayed typical hippocampal architecture (Fig. 1A) . In contrast, samples from patients with temporal lobe epilepsy displayed hippocampal sclerosis consistent with the WG system. WG1 samples were defined as those exhibiting gliosis with slight (510%) or no neuronal cell loss (Fig. 1B) , whereas WG4 samples exhibited gliosis with 450% neuronal cell loss in CA1 and CA3/CA4, with sparing of CA2 ( Fig. 1C) (Watson et al., 1996; Doherty et al., 2007) . WG1 samples did not display granule cell dispersion or mossy fibre sprouting whereas both pathological features were common in the WG4 samples.
Differential methylation of protein coding genes defines hippocampal sclerosis
The methylation profiles of hippocampus from postmortem controls and patients with temporal lobe epilepsy were established using methylated DNA immunoprecipitation and hybridization to arrays covering all annotated CpG islands and promoter regions in the human genome. Methylation peaks identified using the NimbleScan 2.4 software were mapped to genes using a window of À2 kb to + 500 bp relative to the transcriptional start site. This resulted in the identification of 322, 535, and 716 hypermethylated genes in control, WG1 and WG4, respectively.
Genes whose methylation status was not different between control and temporal lobe epilepsy samples were removed. This accounted for 96% of the promoter regions investigated. The remaining data set contained genes whose promoters were differentially methylated in WG1 and/or WG4 compared with controls ( Fig. 1D-F) . Hierarchical clustering and principal component analysis illustrated that the methylation profiles of WG1 and WG4 samples were more similar to each other than to controls ( Fig. 1D and Supplementary Fig. 1 ). There was, however, noticeable variation in DNA methylation profiles between individual controls. Unique methylation profiles of WG1 and WG4 samples existed as well as a subset of gene promoters with common differential methylation profiles in WG1 and WG4 when compared to controls (Fig. 1F ). Thus, analysis of differential methylation in WG1 and WG4 compared with autopsy control highlights unique methylation profiles for each hippocampal sclerosis grade (Table 3 and 4), in addition to a common methylation profile of temporal lobe epilepsy regardless of hippocampal sclerosis grade (Supplementary Table 1) . Overall, the prominent response in temporal lobe epilepsy samples was differential hypermethylation (79% in WG1 and 83% in WG4; Fig. 1E ). Of 119 hypermethylated genes, the majority of hypermethylation events were found to be common occurrences in both WG1 and WG4 when compared with controls (63 genes; 52.9%) (Fig. 1F) . Similarly, of only 27 differentially hypomethylated genes, the majority of hypomethylation events were found to be common occurrences in temporal lobe epilepsy regardless of Watson grade (15 genes; 55.5%) (Fig. 1F ).
Gene ontology highlights genes linked to development processes, neuron maturation and remodelling
Gene ontology analysis of differential methylation events was carried out across both WG data sets and for temporal lobe epilepsy regardless of pathology grading using a combination of manual interrogation of Entrez Gene and GOstat online software (Fig. 2) . Several gene ontology terms were found to be over-represented in the unique methylation profile of WG1 samples (Supplementary  Table 2 ). These included terms linked to developmental processes (GO:32502; P = 0.004), cellular development and cellular differentiation (GO:48869 and GO:30154; P = 0.008) and were associated with the genes AF4/FMR2 family, member 3 (AFF3), cation channel, sperm associated 1 (CATSPER1), FERM, RhoGEF and pleckstrin domain protein 2 (FARP2), natural cytotoxicity triggering receptor 1 (NCR1), frizzled class receptor 2 (FZD2), spermatogenesis associated 20 (SPATA20) and secretoglobin, family 3A, member 1 (SCGB3A1).
Several of the genes associated with developmental processes are neuronally expressed (e.g. FARP2, FZD2). Furthermore, gene ontology terms connected with neuron remodelling and maturation were over-represented in the unique methylation profile of WG1 samples (GO:16322 and GO:42551; P = 0.02 and P = 0.04 respectively; associated with FARP2) (and see Supplementary Fig. 2 ). Other neuronal genes hypermethylated in WG1 included phosphorylated adaptor for RNA export (PHAX). Cordon-bleu WH2 repeat protein (COBL), chondroitin sulphate proteoglycan 5 (CSPG5), glutamate receptor, ionotropic, delta 2 interacting protein (GRID2IP), synaptoporin (SYNPR) and potassium channel, subfamily K, member 13 (KCNK13) were uniquely hypermethylated in WG4 samples (Tables 3 and 4) . Neuronally-expressed genes hypermethylated in temporal lobe epilepsy regardless of hippocampal sclerosis grade included calcium channel, voltage-dependent, N type, alpha 1B subunit (CACNA1B), potassium voltage-gated channel, subfamily G, member 1 (KCNG1), potassium inwardly-rectifying channel, subfamily J, member 4 (KCNJ4), latrophilin 1 (LPHN1), neuroligin 2 (NLGN2), RAS guanyl releasing protein 2 (RASGRP2) and synaptotagmin II (SYT2) (Supplementary Table 1 ). Many of these genes were, more specifically, associated with the synapse, neurotransmitter secretion and synaptic transmission: acid phosphatase 1, soluble (ACP1), CACNA1B, KCNG1, KCNJ4, LPHN1, NLGN2, pannexin 2 (PANX2), RASGRP2, SYT2 (all hypermethylated in temporal lobe epilepsy; Supplementary Table 1) ; dystrophia myotonica-protein kinase (DMPK) (hypomethylated in temporal lobe epilepsy; Supplementary Table 1) ; and CSPG5, GRID2IP, KCNK13 and SYNPR (uniquely hypermethylated in WG4; Table 3 ).
Although two gene ontology terms were found to be significantly over-represented in the WG4 data set, both terms were connected to female gamete generation (GO:48477 and GO:7292; P = 0.015 and 0.033, respectively); folliculogenesis-specific basic helix-loop-helix (FIGLA) and nanos homologue 3 (NANOS3). Further, no gene ontology terms were found to be over-represented in temporal lobe epilepsy in general. No gene ontology terms were found to be significantly under-represented in any data set (WG1, WG4 and temporal lobe epilepsy differential methylation profiles in addition to the total list of differential methylation events; data not shown).
Differential methylation in human temporal lobe epilepsy occurs in genes with nuclear functions
In terms of cellular location, the highest proportion of genes differentially methylated in temporal lobe epilepsy regardless of hippocampal sclerosis grade, were expressed in the nucleus (18 genes hypermethylated, two genes hypomethylated). Aberrant gene expression is a feature of the pathophysiology of epilepsy, its development and hippocampal sclerosis, as well as animal models of prolonged seizures and epilepsy and nuclear genes associated with transcriptional regulation are therefore of particular relevance. Several transcription regulation genes were found to be differentially methylated in WG1, WG4 and in temporal lobe epilepsy regardless of pathology grade. In temporal lobe epilepsy, hypermethylation of the following genes was found compared to controls: helicase with zinc finger 2, transcriptional co-activator (HELZ2), MEF2 activating motif and SAP domain containing transcriptional regulator (MAMSTR), myogenin (MYOG), transcription elongation factor A (SII), 3 (TCEA3), TSC22 domain family, member 1 (TSC22D1) and the zinc finger proteins, ZNF653, ZNF705D and ZNF764 (Supplementary Table  1 ). Furthermore, unique methylation profiles of transcriptional regulators were found in both WG1 temporal lobe epilepsy (hypermethylated, FZD2 and PHAX; hypomethylated, AFF3) and WG4 temporal lobe epilepsy [hypermethylated, FIGLA, NLR family, pyrin domain containing 3 (NLRP3), SRY-box 1 (SOX1), TAF9B RNA polymerase II, TATA box binding protein (TBP)-associated factor (TAF9B), zinc finger and SCAN domain containing 5B (ZSCAN5B); hypomethylated, regulatory factor X, 4 (RFX4)] (Tables 3 and 4) . Furthermore, gene ontology terms associated with small nuclear RNA export from the nucleus and transport were found to be over-represented in the unique methylation profile of WG1 temporal lobe epilepsy (GO:6408 and GO:51030; P = 0.015; associated with PHAX; Supplementary Table 2 ). Differential methylation profiles of genes associated with cell death were also apparent in temporal lobe epilepsy. These included: angiopoietin 4 (ANGPT4), inositol hexakisphosphate kinase 2 (IP6K2), paraneoplastic Ma antigen 3 (PNMA3) and TSC22D1 (all differentially hypermethylated in temporal lobe epilepsy); NANOS3, NLRP3, senataxin (SETX), TAF9B, tumor necrosis factor receptor superfamily, member 19 (TNFRSF19) (all uniquely hypermethylated in WG4 temporal lobe epilepsy); and transglutaminase 2 (TGM2), which was uniquely hypomethylated in WG4 temporal lobe epilepsy. Interestingly, a unique methylation profile of genes associated with cell death was not evident in WG1 temporal lobe epilepsy.
Chromosomal enrichment is not a feature of differential methylation in temporal lobe epilepsy
Studies in cancer have found clustering of hypermethylation sites within the genome, and in the case of neuroblastic tumours, toward the telomeric ends of chromosomes (Buckley et al., 2010) . Analysis of differential methylation events in temporal lobe epilepsy illustrated that methylation events occurred throughout the genome, without preference for any region (Fig. 3) . Positional gene enrichment analysis of all data sets confirmed no enrichment of any genomic region for differential methylation events (data not shown).
Hippocampal expression of differentially methylated genes in temporal lobe epilepsy
In epileptic rats, 79% of differential DNA methylation events were not associated with changes in gene expression (Kobow et al., 2013) . To explore whether promoter methylation had the expected effect on transcription, gene expression analysis was performed on a sample of six genes that were found to exhibit differential promoter methylation in WG1 or WG4 temporal lobe epilepsy. Differential expression of differentially methylated genes was analysed in WG1 or WG4 temporal lobe epilepsy by comparison with the alternative hippocampal sclerosis grade ( Fig. 3 and Supplementary Fig. 2 ). RNA quality in post-mortem samples was not sufficient for gene expression analysis.
A trend towards reduction in SOX1 expression (hypermethylated in WG4) was evident in WG4 when compared to WG1 temporal lobe epilepsy, although this reduction was not statistically significant (Fig. 3B) . FARP2 expression was found to be significantly upregulated in WG1 compared to WG4, contrary to findings of differential Figure 2 Gene ontology analysis of differential methylation events in temporal lobe epilepsy. In terms of cellular location, the highest proportion of genes differentially methylated in temporal lobe epilepsy regardless of hippocampal sclerosis, were expressed in the nucleus (18 hypermethylated, two hypomethylated). General differential hypermethylation of genes associated with transcriptional regulation was evident in temporal lobe epilepsy (two, five and eight genes in WG1, WG4 and temporal lobe epilepsy, respectively). A pattern of differential hypermethylation of neuronal genes was also evident (three, five and seven genes in WG1, WG4 and temporal lobe epilepsy respectively). Furthermore, hypermethylation of neurotransmitter secretion / synaptic transmission genes was evident in temporal lobe epilepsy (four genes WG4, nine genes temporal lobe epilepsy). EC = extracellular; ER = endoplasmic reticulum; NT/ST = neurotransmitter secretion/synaptic transmission; transcript. reg. = transcriptional regulation; TF = transcription factor; TLE = temporal lobe epilepsy. hypermethylation in WG1 temporal lobe epilepsy (Fig. 3C) . In a number of other cases, no significant difference in gene expression was detectable (FZD2, KCNK13, PHAX, TGM2).
Differential microRNA expression profiles define temporal lobe epilepsy with hippocampal sclerosis
We next explored the expression and role of DNA methylation in control of non-coding RNA. A total of 18 microRNAs were found to be differentially expressed in the hippocampal samples from patients with temporal lobe epilepsy (Fig. 4A ). This data set included three microRNAs that were uniquely differentially regulated in WG1 temporal lobe epilepsy (miR-363 and miR-876-3p upregulated; miR-483-3p downregulated). Three microRNA were also found to be uniquely differentially downregulated in WG4 samples (miR-138, miR-873 and miR-876-3p) . A total of 12 microRNA were found to be differentially expressed in temporal lobe epilepsy regardless of hippocampal sclerosis grade (miR-27b-5p, miR-129-2-3p, miR-129, miR-193a-5p, miR-362-3p and miR-520f upregulated; miR-218, miR-184, miR-449b, miR-34b , miR-34c and miR-548c downregulated).
Differential microRNA expression was confirmed by real time PCR analysis of individual microRNAs of interest (Fig. 4) . Of particular note was the differential expression of miR-876-3p. This microRNA was undetected in two of the WG4 samples, barely detectable in the remaining WG4 samples and was significantly upregulated in WG1 samples ( Fig. 4C ; ANOVA P 5 0.01). MiR-876-3p therefore has potential value as a marker for WG1 hippocampal sclerosis. Furthermore, miR-193a-5p was confirmed to be upregulated in temporal lobe epilepsy, regardless of hippocampal sclerosis grade ( Fig. 4D ; ANOVA P 5 0.01).
DNA methylation sensitive non-coding RNA expression in human temporal lobe epilepsy
An integrated analysis correlating microRNA methylation status and expression in temporal lobe epilepsy was carried out using a combination of methylated DNA immunoprecipitation and microRNA profiling techniques. The methylation profiles of patient samples were established using methylated DNA immunoprecipitation and hybridization to custom tiling arrays spanning 50 kb upstream and 20 kb downstream of all 754 microRNA included on TaqMan Õ Array Human microRNA Cards. Based on the A substantial decrease in SOX1 expression was evident in WG4 compared to WG1, aligning with hypermethylation of this gene promoter in WG4. This downregulation was not statistically significant, considering the small number of samples tested (n = 3 for both groups, $4-fold reduction; P = 0.07). (C) FARP2 expression was found to be significantly upregulated in WG1 compared to WG4, contrary to findings of differential hypermethylation in WG1 (n = 4 for both groups, P = 0.02). TLE = temporal lobe epilepsy. predicted transcriptional start site and putative promoter regions for the majority of microRNA, analysis was performed within 10 kb upstream of each pre-microRNA (Saini et al., 2007; Das et al., 2013) . Statistically significant DNA methylation peaks within this region were identified and the mean probe score calculated for each sample, allowing quantification of DNA methylation levels. The DNA methylation peak mapping closest to the premicroRNA sequence where the levels of methylation exhibited a significant inverse correlation with microRNA expression was identified (Spearman's r 5 À 0.53; P 5 0.05).
In total, the methylation scores of 13 microRNAs were found to be significantly inversely correlated with expression across patient samples. Two dimensional hierarchical cluster analysis was carried out based on both expression of the 13 methylation sensitive microRNA and the methylation levels of the peak mapping closest to the premicroRNA (Fig. 4B) . In general, WG1 and WG4 samples were more similar to each other than to post-mortem controls. Of the 13 methylation sensitive microRNAs in temporal lobe epilepsy, four had been previously demonstrated to be methylation sensitive in cancer; miR-129, miR-151, miR-191, miR-27a and miR-375 . Although their expression was not differentially regulated in this study, several of the methylation-sensitive microRNA had previously been shown to exhibit differential expression in temporal lobe epilepsy. These included miR-411 [differentially down regulated in temporal lobe epilepsy regardless of hippocampal sclerosis grade ], miR-193a and miR-27a [both differentially upregulated in temporal lobe epilepsy regardless of hippocampal sclerosis grade (Kan et al., 2012) ]. Differential upregulation of the methylation sensitive microRNA, miR-27a, in temporal lobe epilepsy regardless of hippocampal sclerosis grade was confirmed by real-time PCR analysis in both the hippocampus and cortex (Fig. 4E-G) . Functional analysis of predicted and experimentally verified targets of the set of methylation sensitive microRNA in temporal lobe epilepsy revealed no statistical enrichment after correction for multiple comparison (Benjamini correction) (Grimson et al., 2007; Huang da et al., 2009; Vergoulis et al., 2012) .
Differential methylation of long non-coding RNA in human temporal lobe epilepsy Four long non-coding RNA were found to be differentially hypermethylated in temporal lobe epilepsy regardless of hippocampal sclerosis grade (Supplementary Table 1 and Supplementary Fig. 3 ). These were urothelial cancer associated 1 (non-protein coding; UCA1), adenosine deaminase, RNA-specific, B2, antisense RNA 1 (ADARB2-AS1), long intergenic non-protein coding RNA 324 (LINC324) and mitogen-activated protein kinase 14, antisense RNA 1 (MAP3K14-AS1). Attempts to verify differential expression of these long non-coding RNA by real-time PCR failed owing to degradation of long RNA transcripts in postmortem controls. Although transcript was detectable in temporal lobe epilepsy samples, confirmation of downregulation of the long non-coding RNA in temporal lobe epilepsy compared to control was not possible. However, hypermethylation of several of the long non-coding RNA was confirmed in temporal lobe epilepsy samples by bisulphite sequencing (Supplementary Fig. 3A and B) . Differential methylation may therefore play a role in transcriptional regulation of long non-coding RNA in human temporal lobe epilepsy.
Discussion
The present study is the first genome-wide analysis of DNA methylation in the hippocampus of patients with drug refractory temporal lobe epilepsy. Our pilot study reveals that a limited number of genes display altered methylation profiles in temporal lobe epilepsy as well as distinct methylation changes in the hippocampus of patients with WG1 and WG4 hippocampal sclerosis. Hypermethylation of gene promoters was prominent in temporal lobe epilepsy. Our analysis also led to the identification of miR-876-3p, a microRNA with potential value as a marker for WG1 hippocampal sclerosis, and through an integrated analysis correlating microRNA methylation status and expression, we identified 13 methylation-sensitive microRNA in temporal lobe epilepsy. This study contributes to our understanding of mechanisms regulating coding and non-coding gene expression in temporal lobe epilepsy and hippocampal sclerosis grading and the alterations produced when the brain is exposed to persistent seizure activity.
Epigenetic processes such as DNA methylation are attractive to explain the underlying patho-mechanisms supporting sustained hyperexcitability in chronic human epilepsy as well as pharmacoresistance (Kobow and Blumcke, 2011; Lubin, 2012; Roopra et al., 2012) . However, it has been uncertain to date how much of the genome displays differential methylation. A major finding in the present study was that 5150 protein-coding genes displayed differential methylation in the hippocampus of patients with intractable temporal lobe epilepsy. This indicates that the majority of DNA methylation assessed by DNA immunoprecipitation of methyl-cytosine is static in the human hippocampus. This is broadly consistent with the recognized stability of the majority of DNA methylation in the brain and emerging data in other human neurologic disorders, including autism (Ladd-Acosta et al., 2014), depression (Sabunciyan et al., 2012 ) and Alzheimer's disease (Bakulski et al., 2012) . Hypermethylation of gene promoters was the major difference between temporal lobe epilepsy and control, the effect of which would most likely be to suppress transcription (Urdinguio et al., 2009) . Our human data are consistent with findings in rodent models of temporal lobe epilepsy where hypermethylation was also the predominant effect (Kobow et al., 2013; Williams-Karnesky et al., 2013) . This differs markedly from the hypomethylation landscape and the individual genes involved in the hippocampus after status epilepticus in mice (Miller-Delaney et al., 2012) . DNA methylation patterns in human temporal lobe epilepsy therefore display disease-stage specific patterns although the proportion of the genome potentially experiencing changes in DNA methylation appears unexpectedly restricted.
Neuronal genes associated with synaptic function, calcium and potassium channels were among those displaying hypermethylation in resected hippocampus from temporal lobe epilepsy patients. As astrogliosis was present in all patient samples this suggests dynamic methylation in temporal lobe epilepsy may be more favourable in neurons, perhaps due to endogenous levels of molecular machinery (Akbarian et al., 2001) . Increased DNA methylation in neurons could be a response to hyperexcitation or be an adaptive mechanism to limit over-excitation or insufficient inhibition (Kobow and Blumcke, 2011; Lubin, 2012) .
Most of the genes displaying differential DNA methylation in the hippocampus of temporal lobe epilepsy patients have not been previously linked to epilepsy (Pitkanen and Lukasiuk, 2011; Thomas and Berkovic, 2014) . Two exceptions were hypermethylation of PSAP (prosaposin) and ATPAF2, mutations that have recently been reported in epilepsy (Lemke et al., 2012) . Similar conclusions were drawn from methylation profiles in a rat kainate model of epilepsy, where no genes with strong links to seizures/ epilepsy were found among the list of genes undergoing differential DNA methylation (Williams-Karnesky et al., 2013) . Thus, differences in DNA methylation do not seem to be likely causes of the sustained changes to genes with direct roles in controlling the balance between excitation and inhibition characteristic of the human hippocampus in chronic pharmacoresistant temporal lobe epilepsy.
Gene ontology analysis showed differences in the biological pathways impacted for the genes displaying differential methylation in temporal lobe epilepsy depending on pathology grade. For WG1 samples, many hypermethylated genes were associated with developmental processes. This might be an adaptation to maintain existing neuroanatomical structures against the ontogenic effects of seizure activity. In WG4 samples, hypermethylation of cell death genes was prominent. This might be evidence of molecular adaptations that resist further cell loss in the tissue. Other commonalities with published findings on the pathways controlled by DNA methylation in experimental epilepsy include processes such as DNA binding and cell death, which were prominent processes hypermethylated in our human data and experimental epilepsy (Kobow et al., 2013) . Another notable finding was increased hypermethylation of genes associated with nuclear functions, including DNA and RNA binding. These findings are in line with recent animal data that identified DNA methylation targets in genes whose products interact with DNA or play a role in gene transcription and translation (Miller-Delaney et al., 2012; Williams-Karnesky et al., 2013) . These data suggest that homeostatic functions in the nucleus involving stability and processing of DNA or RNA might be of mechanistic importance for understanding why the epileptic phenotype is maintained and, in some cases, becomes progressive in nature.
Some processes we expected to see featured did not. We found little evidence for DNA methylation regulation of inflammation-associated genes in human temporal lobe epilepsy. As inflammation is a prominent feature of temporal lobe epilepsy (Vezzani et al., 2011) we must assume that other processes besides methylation control these changes. Taken together, our data suggests that a restricted set of genes are amenable to methylation change in human temporal lobe epilepsy, while many processes are not. Why DNA methylation is critical to certain genes and not others remains to be resolved.
The present study found rather weak associations between methylation status and transcript levels of protein coding genes. From the tested genes only a trend towards the reduction in SOX1 expression predicted by differential hypermethylation in WG4 samples was observed. This may be significant because Sox1 deficient mice suffer from epilepsy associated with abnormal ventral forebrain development (Malas et al., 2003) . Previous findings in chronic rat epilepsy also found that the majority of methylation changes (79%) did not result in changes in gene expression (Kobow et al., 2013) . However in the remaining cohort, hypermethylation of gene promoters was associated with gene silencing. Also, altering methylation can influence seizure development. For example, adenosine augmentation therapy reduced hypermethylation of genes and reduced epileptogenesis (Williams-Karnesky et al., 2013) and a ketogenic diet also resulted in a reduction of hypermethylation events (Kobow et al., 2013) . However, rescue of locispecific DNA methylation and gene expression to control levels was not complete following treatment, suggesting that ultimate control of DNA methylation by seizure activity is not overarching.
We did not identify specific regions of chromosomal enrichment for DNA methylation. This is in agreement with data from mice subject to status epilepticus, which found little evidence of chromosomal clustering of DNA methylation with the exception of an area on chromosome 4 (Miller-Delaney et al., 2012) . However, we found that the function of genes displaying differential methylation was heavily skewed toward genes with nuclear activities. This is similar to findings after experimental prolonged seizures where genes with nuclear functions were heavily enriched (Miller-Delaney et al., 2012) . This suggests a non-random process and also that DNA methylation may be involved in controlling a restricted aspect of cell function in response to pathophysiological activity.
A major finding in the present study was that DNA methylation seems to exert strong control of microRNA and possibly other non-coding RNA in human temporal lobe epilepsy. Evidence for differential expression of noncoding RNA, in particular microRNA, in the pathogenesis of epilepsy has recently emerged (Henshall, 2014) . To this end, the present research has further elucidated findings in the rat highlighting extensive DNA methylation changes within CpG islands of non-genic regions (Kobow et al., 2013) . By using an integrated analysis of microRNA expression and DNA methylation of 754 microRNAs, we found 13 methylation-sensitive microRNAs, several of which are differentially expressed in temporal lobe epilepsy depending on hippocampal sclerosis grading. The majority of these are unique to the present study, although microRNA profiling has been previously documented in temporal lobe epilepsy, both incorporating and independent of hippocampal sclerosis scoring (Kan et al., 2012; McKiernan et al., 2012) . The results here agree with previous findings of differential microRNA expression in several instances. These include the upregulation of miR-129-3p and miR-362-3p in temporal lobe epilepsy regardless of hippocampal sclerosis grade (Kan et al., 2012) . Furthermore, previously documented downregulation of miR-138 in temporal lobe epilepsy with hippocampal sclerosis was confirmed in our analysis, although upregulation in temporal lobe epilepsy without hippocampal sclerosis was not evident (Kan et al., 2012) . Similarly, downregulation of miR-184 in temporal lobe epilepsy regardless of hippocampal sclerosis grade was evident, a finding which agrees with previously documented downregulation in temporal lobe epilepsy with hippocampal sclerosis, but differs from the upregulation previously found in patients without hippocampal sclerosis (Kan et al., 2012) . Some of the altered microRNAs in human temporal lobe epilepsy are of potential pathophysiological significance. Expression of miR-129 was increased in temporal lobe epilepsy and has been implicated in suppression of K v 1.1 expression in neurons (Sosanya et al., 2013) . MiR-193a was increased in temporal lobe epilepsy and ectopic expression (Ory et al., 2011) or demethylation of miR-193a can promote apoptosis in non-neuronal cells (Wang et al., 2013) . The upregulation of this microRNA exclusively in WG4 raises the possibility that this microRNA may contribute to cell death. The reduction in miR-138 specific to WG4 matches other work (Kan et al., 2012) and the predicted effect of a loss of miR-138 would be an increase in spine size which could promote hyperexcitability (Siegel et al., 2009) . Thus, miR-138 may join miR-134 and miR-128 (Tan et al., 2013) as potential epilepsy microRNAs with structural targets. However, recent work from our group showed that silencing miR-134 increased spine size, but was nevertheless anticonvulsive in the pilocarpine model (Jimenez-Mateos et al., 2014) . To this list we add miR-876-3p and miR-193a-5p, which are novel pathology grade-specific microRNAs regulated by DNA methylation.
There are some limitations of the present study. The main findings should be validated in a larger cohort, perhaps using samples from several neurosurgical centres. The use of whole tissue blocks masks DNA methylation differences between glia and neurons and individual cell profiles (e.g. excitatory versus inhibitory neuron profiles). Future studies may be able to feature single cell combined transcriptomemethylome analysis (Macaulay and Voet, 2014) . Temporal lobe epilepsy patients were all being treated with antiepileptic drugs prior to surgery and it is unknown whether these could have direct or indirect effects on methylation patterns. Another caveat is that post-mortem controls may contain autopsy delay effects that alter DNA methylation profiles from baseline. Lastly, future work should assess the influence of non-CG methylation and 5-hydroxymethylcytosine in the epigenetic control of gene expression in human temporal lobe epilepsy (Lister et al., 2013) .
In summary, the present study reveals that DNA methylation patterns display pathology-specific differences in human hippocampus from temporal lobe epilepsy patients but raises questions about the influence of these changes as a pathomechanism controlling protein-coding gene expression in epilepsy. The data reveal, instead, that non-coding RNA such as microRNA may be particularly sensitive to DNA methylation thereby adding valuable insight to the molecular mechanisms controlling gene expression in human temporal lobe epilepsy.
